Background. The bacterium Francisella tularensis is recognized for its virulence, infectivity, genetic homogeneity, and potential as a bioterrorism agent. Outbreaks of respiratory tularemia, caused by inhalation of this bacterium, are poorly understood. Such outbreaks are exceedingly rare, and F. tularensis is seldom recovered from clinical specimens.
Francisella tularensis, the causative agent of tularemia, is well known for its potential for bioterrorism, owing to high infectiousness and virulence, and ease of aerosol spread. In nature, tularemia is a zoonosis, an infection that can spread from animals to humans [1] . The pathogen has 4 closely related subspecies, of which 2 are clinically important: F. tularensis subspecies tularensis (Jellison type A) and F. tularensis subspecies holarctica (Jellison type B). Although disease presentation is similar with both varieties, type A tularemia is generally more aggressive and associated with significantly higher mortality in humans, up to 30% if untreated [1] . Two routes of infection predominate: inoculation through the skin via an arthropod bite, and inhalation of an infectious aerosol. Respiratory tularemia resulting from inhalation of F. tularensis is the clinical form that is most feared in the event of a bioterrorist attack. In a scenario with a future investigation of a suspected intentional aerosol release of F. tularensis resulting in severe human illness, it is expected that whole-genome sequencing (WGS) will be applied. Tracking transmission represents a challenge for any microorganism, and especially so for F. tularensis because of its high genomic homogeneity [2, 3] .
The application of WGS in combination with more traditional epidemiology methods is highly promising for improving outbreak investigations of infectious disease. Recent reports on community-and hospital-acquired infections indicate that a combined approach may enhance outbreak detection, improve characterization of transmission events, and potentially aid in identifying the source of an outbreak, thereby providing guidance on how its effects on humans could be mitigated [4] [5] [6] [7] . An outbreak is defined here as the occurrence of cases of disease in excess of what would normally be expected in a limited geographic area [8] . Time-and space-clustered infections may be caused by indistinguishable or closely linked pathogens as characterized by a genetic typing method (eg, WGS) [9] . Importantly, perfect or near-perfect WGS matching between causative pathogens within an outbreak is often taken as an indication of a confined and common infectious source where the pathogens share a very recent evolutionary origin [7, [10] [11] [12] [13] . Although WGS is highly promising because it provides the full genomic information of the causative pathogen from multiple infected individuals, there is still a great need for learning how to interpret WGS data from suspected outbreaks.
In August 2010, clinicians working in Jämtland County in Sweden noted several patients diagnosed with respiratory tularemia. At the end of the summer, it became clear that this was the largest outbreak of respiratory tularemia reported worldwide since 1966-1967; this previous outbreak also occurred in Jämtland County [14] . Isolation of F. tularensis from respiratory secretions, pleural fluid, or blood is very sparsely reported even in large case series of tularemia [15] [16] [17] [18] . However, we successfully isolated F. tularensis from a set of patients with severe respiratory tularemia, which we then analyzed using WGS. We used this rare dataset to quantify the within-outbreak genetic diversity of F. tularensis and test the hypothesis of a common environmental source causing the respiratory outbreak. 
MATERIALS AND METHODS

Setting
Geographical Distribution
Using Google maps and a custom JavaScript, coordinates for the most likely place of infection were plotted on a map. In addition, the disease onset date and the level of care needed for treatment were recorded for each case, with the latter coded as (1) outpatient care with or without admission to hospital, or (2) hospital care with a minimum stay of 2 days.
Selection of Archival Reference Genomes
Archival F. tularensis reference genomes were selected based on multiple alignments of genomic sequences for the outbreak isolates and 110 genomic sequences representing maximal genetic and geographical diversity within F. tularensis subspecies holarctica as judged by high-resolution molecular typing methods applied to >400 isolates from Asia, North America, and Europe, including Sweden. Genomes that differed at ≤15 nucleotide positions to any respiratory outbreak genome were included as archival references in the final analyses.
Sequencing and Bioinformatic Analyses
Sequencing of isolates was performed at SciLifeLab, Uppsala, Sweden, using the Illumina HiSeq 2000 platform according to standard protocols to produce 100-bp pair-end read data. The resulting sequence data were assembled using ABySS version 1.3.3 [19] using standard parameters, and a filtering procedure was employed to remove genomic positions with uncertain base calls. Multiple genome alignments were performed using progressiveMauve version 2.3.1 [20] . Nucleotide distances and phylogeny were inferred using Mega 5.1 [21] (complete deletion option and the number of differences method, maximum parsimony). Details of the procedures for DNA preparation, sequencing, and bioinformatic analyses are found in the Supplementary Appendix 1.
RESULTS
Tularemia Outbreak
In total, 78 patients were diagnosed with laboratory-confirmed tularemia in Jämtland County, Sweden in 2010. Sixty-seven (54 men and 13 women) were identified as case patients with respiratory tularemia (median age, 66 [range, 24-90] years). Thirtythree case patients required >2 days in hospital. One patient died 7 days after admission, whereas 66 were alive at day 30. The case patients contracted disease over a large geographic area extending 266 km north-south and 195 km east-west. They became ill between 16 July and 27 October 2010 with a peak at the end of August and beginning of September (Figure 1 ). Ten F. tularensis isolates grown from blood (n = 9) or pleural fluid (n = 1) of hospitalized case patients (Table 1) were subjected to genome sequencing. Analysis of date of disease onset and place of infection revealed a complex pattern compatible with disease transmission that continued locally for several weeks (Figure 2 ; Video available online as Supplementary Video 1).
Multiple Major Phylogenetic Clades Represented in the Outbreak
Our whole-genome single-nucleotide polymorphism (SNP) phylogeny revealed 3 major clusters separated by long branch lengths, and both outbreak and archival strains were assigned to each of these groups (Figures 3 and 4) . These 3 groups correspond to previously identified genetic groups B.12, B.10, and B.7 (shortened versions of designations in Vogler et al [22] , see Table S1 in the Supplementary Appendix 1). There were a total of 757 variable sites among the 10 outbreak and 25 archival genomes. The midpoint root of the WGS phylogeny ( Figure 3 ) gives rise to 2 branches: a long branch of approximately 250 SNPs leading out to B.12 strains and a shorter branch of approximately 160 SNPs leading to further division. Two branches arise from this second division, with SNP lengths of 119 and 128, respectively, and ending in the clusters with B.7 or B.10 strains. This branching order is consistent with previous publications by Vogler et al [22] and Svensson et al [23] . There were no nucleotide states in the data in conflict to the inferred topology (ie, no homoplasy), indicating high quality of the data.
Outbreak Strains Are Closely Related to Archival Strains Native to Sweden
Genome analysis of outbreak and archival strains found high similarity among the 2010 Swedish outbreak strains and archived strains isolated in Sweden and nearby regions. Among the 110 global archival strains evaluated, the 25 most closely related to the outbreak strains originated from Sweden and western Finland (24 and 1, respectively). The archival strains from other countries in Europe, Asia, or North America were more genetically distant (not shown). Both outbreak and archival strains from all 3 major phylogenetic groups were found in Jämtland County and other counties in Sweden (Figure 4 ), suggesting that these major groups occur concomitantly, are widespread, and apparently persist long-term in the environment in Sweden.
Genetic Distance Does Not Correlate With Either Spatial or Temporal Distance
In most cases, outbreak strains were more closely related to archival strains than to other outbreak strains. This occurred despite the sometimes large spatial and temporal distances between these closely related archival and outbreak strains. Indeed, there was no significant correlation between genetic distance and spatial or temporal distance (Supplementary Figure 1; Mantel r = 0.007, P = .371).
In a few cases, outbreak strains did exhibit spatial and/or temporal clustering. Two isolates from the north of the study area, FSC962 and FSC987, were indistinguishable at the genome level and represented infections contracted only 17 km and 7 days apart (Table 1 and Figure 4) . Two isolates from the south, FSC961 and FSC960, differed by 6 SNPs and were from infections contracted 9 km and 4 days apart. Finally, 2 isolates from the central outbreak area, FSC952 and FSC988, differed by 3 SNPs and were from infections 12 km apart; they were separated in time by almost 4 months.
There are, however, numerous other examples of similar or closer genetic relationships between outbreak and archival strains. Within clade B.7, the previously mentioned outbreak strain FSC961 differed by just 1 SNP from archival strains FSC997 and FSC539. These archival strains were both recovered 330 km away from FSC961 and in 2002 and 2004, respectively (Figures 3 and 4) . In addition, the 2 outbreak strains that were genetically indistinguishable, FSC962 and FSC987, still differed by just 1 SNP from archival strain FSC350 that was recovered in 2002, >290 km away in northern Sweden (Figure 4 ). Outbreak strains FSC962 and FSC987 were also closely related to 2 other outbreak strains, FSC956 and FSC953, but these strains were isolated from patients separated by at least 170 km. Finally, the outbreak strain FSC965 is most closely related to multiple archival strains even though those archival strains were isolated in different years and in different Swedish counties (Figure 4) . Within clades B.10 and B.12, there is a similar lack of correlation between genetic distance and spatial and/or temporal distance (Figure 4 ). In the B.10 clade, the outbreak strain FSC952 is more closely related to the archival strain FSC274 that was isolated in 2000 and in a different county than it is to the outbreak strain FSC988, which was isolated very close to FSC952. In clade B.12, the sole outbreak strain, FSC970, is closely related to archival strains isolated 400 km away. 
SNP Accumulation Rate Is Not Correlated With Time
No difference in SNP accumulation (ie, branch lengths) was observed between recent outbreak and older archival strains. Thus, there were no consistent time-dependent patterns for accumulations of SNPs, neither for the complete set of strains (outbreak isolates and archival isolates) nor during the outbreak (see scatterplots of number of SNPs accumulated from the most recent common ancestor of each clade in Supplementary Appendix 1, Figure 1 ). We found by comparing the historic FSC176 strain with the outbreak FSC962 and FSC987 strains (clade B.7) that there was no nucleotide change accumulated during 15 years. In contrast, FSC844, recovered 2 years before in the outbreak area, had 5 accumulated nucleotide changes. The differences in accumulated SNPs suggest great variations in the number of replication cycles within the same time unit for this bacterium.
DISCUSSION
In this work, our combined genomic and epidemiological approach allowed us to analyze the time course and geographical clustering of infection for all patients and, moreover, to determine in detail the genetic relationships between outbreak isolates and epidemiologically unrelated F. tularensis isolates. We show that tularemia was acquired at multiple locations and that genetic similarity only, even to the degree of single SNPs between F. tularensis genomes, did not constitute hard proof that 2 individuals had been infected at the same time and place, underscoring that WGS on its own should be regarded as supportive rather than decisive data. Importantly, the use of a large database containing archival genomes that were not part of the outbreak certified that nucleotide substitutions in whole genomes were insufficient to unequivocally distinguish all of the outbreak isolates from all of the archival isolates. As we found multiple major genetic clades and a highly interspersed phylogenetic pattern among respiratory and nonrespiratory isolates (ie, the archival set), it was also clear that the respiratory form of tularemia is not tied to specific genotypes of F. tularensis. Although both a single environmental source (containing the multiple clones) and multiple environmental sources are principally compatible with the genomic data, the wide geographic spread of locations for infection provides strong support for the latter. Taken together, our data indicate that the respiratory outbreak was caused by multiple environmental sources containing a diversity of F. tularensis clones and caution against interpreting sequence identity for this pathogen as conclusive evidence for an epidemiological link.
The nucleotide distances among outbreak isolates within each of the genetic clades were small (maximum pairwise distance of 15 SNPs) and, thus, within a range in which mutations principally could have accumulated during a phase of bacterial amplification that led to the outbreak or even during its progression. The phylogenomic analyses performed in this study, however, demonstrated a pattern incompatible with this possibility. Several outbreak isolates were in fact more closely related to archival isolates collected in quite distant geographical regions, and in different years. The presence of multiple genotypes has previously been observed in outbreaks of tularemia including a deer fly-associated outbreak in the US state of Utah [24] and in mosquito-associated outbreaks in Sweden [23, 25] . Viewed in the context of previous data, our results support that polyclonal isolate origin is common during natural tularemia outbreaks. Indeed, we found that the outbreak we investigated involved both dissemination of genetically indistinguishable isolates and unique isolates, and that the overall outbreak pattern was really an example of multiple disease clusters occurring in a single season. Such simultaneous activation of multiple F. tularensis clones suggests that tularemia outbreaks are often triggered by ecological or other environmental factors generally favorable to F. tularensis transmission and not because a specific F. tularensis clone has acquired new properties that increases its fitness, spread, and/or infectivity.
This study suggests that the rate of SNP accumulation has varied among different strains. In contrast to recent WGS studies of Staphylococcus aureus, Vibrio cholerae, and Streptococcus pneumoniae that identified a correlation between evolution and time [26] [27] [28] , we showed that some F. tularensis isolates had acquired no change over a 15-year period. A possible explanation for this variation in change over time may be in the ecology of F. tularensis maintenance in the environment. Under an assumption of a constant mutation rate per replication, our results suggest a life cycle in nature where F. tularensis replicates rarely. As a consequence, this may necessitate a change in strategy for searching for the maintenance reservoir for tularemia from finding a host wherein F. tularensis replicates in between outbreaks to finding a reservoir where the bacterium resides in a dormant, or near-dormant, stage with little or no replication. A scenario also emerges wherein F. tularensis experiences replication bursts during outbreaks, which would be similar to what has recently been inferred for Yersinia pestis, the cause of plague [29] .
If the probability of dispersal does not correlate with the rate of mutation, the small annual mutation rates observed in F. tularensis may theoretically explain the finding of a large geographical distribution of closely related genotypes but provides little insight into actual mechanisms involved. As F. tularensis has been associated with birds [30] , it is possible that dispersal occurs through migratory bird populations. Another intriguing alternative is that aerosolized bacteria are transported by wind in the troposphere. It is generally known that microorganisms are abundant in the troposphere and can be transported vast distances, even between continents [31, 32] . The well-known propensity for aerosolization and environmental survival of F. tularensis could potentially allow for rapid, long-distance, wind-assisted dispersal [33] . In either scenario, it is likely that local replication of F. tularensis after its transport may vary considerably. In fact, low permissive conditions for replication resulting in low annual mutation rates and long-distance transports may explain the lack of time-dependent evolution as observed in this study. This is the first study to use WGS to investigate an outbreak of tularemia, and we have used high-quality whole-genome assemblies with maximal nucleotide position coverage for determining exact phylogenetic relationships among F. tularensis isolates. In previously reported respiratory outbreaks [14, 16, 17, [34] [35] [36] [37] [38] , F. tularensis cultures were, to the best of our knowledge, not recovered from multiple individuals and hence no molecular investigations were possible. Our conclusions on the genetic ancestry of outbreak genomes were possible only because we used an extensive set of reference genomes. An outbreak analysis using fewer reference genomes might not have revealed the complexity in correlating genetic distance with geographical location and time.
We anticipate that our results will aid the interpretation of genetic data in future outbreaks of tularemia, including when an intentional release of F. tularensis is suspected. It will also be useful for future exploration of replication rates and the natural life cycle of F. tularensis in nature. Finally, these data will stimulate discussion on the strengths and limitations of using WGS in outbreak investigations of infectious diseases spread from environmental sources to humans.
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